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ABSTRACT 
Photovoltaic energy harvesting systems (PV systems) are subject 
to PV cell faults, which decrease the efficiency of PV systems and 
even shorten the PV system lifespan. Manual PV cell fault 
detection and elimination are expensive and nearly impossible for 
remote PV systems, e.g., PV systems on satellites. Therefore, 
online fault detection techniques and fault tolerance solutions are 
needed that can detect and tolerate PV cell faults without manual 
intervention. In this work, we present an online fault detection and 
tolerance technique for remote PV systems, which is capable of 
dynamically locating faulty PV cells and tolerating PV cell faults. 
More precisely, we present a modified PV panel structure and an 
efficient algorithm for our online fault detection and tolerance. 
Our fault detection and tolerance technique reduces output power 
degradation due to PV cell faults in a PV system by up to 81.31%. 

Categories and Subject Descriptors 
B.8.1 [Performance and Reliability]: Reliability, Testing, and 
Fault-Tolerance.  

General Terms 
Algorithms, Management, Performance, Reliability. 

Keywords 
Photovoltaic System, Fault Detection, Fault Tolerance, 
Photovoltaic Panel Reconfiguration. 

1. INTRODUCTION 
Due to the growth of world energy consumption and concerns 
about environmental effects of fossil fuels, human society is in 
desperate need of renewable energy sources (e.g., solar, wind, 
geothermal), which are clean and eco-friendly. Among renewable 
energy sources, photovoltaic (PV) energy draws significant 
attention since solar energy is accessible and abundant. Various 
scales of PV energy generation systems (PV systems) have been 
implemented for practical applications, such as satellites, street 
lamps, vehicles, and power stations. 

Solar irradiance is changing frequently according to the time of 
day and weather conditions (e.g., clouds), and the output power of 
PV systems is directly dependent on solar irradiance. Standalone 
PV systems are equipped with electrical energy storage elements 
(e.g., batteries, supercapacitors) to store the excess electrical 

energy harvested under high levels of solar irradiance and 
mitigate the output power shortage under low levels of solar 
irradiance. Moreover, PV panels exhibit highly non-linear power-
voltage (P-V) characteristics that vary with solar irradiance. 
Therefore, maximum power point tracking (MPPT) techniques are 
demanded to guarantee maximum output power of PV panels [1], 
[2]. The recent maximum power transfer tracking (MPTT) 
technique, which takes into account the charger efficiency 
variation, is more effective [3]. 

PV systems are subject to PV cell faults, which attribute to 
external causes (e.g., hit by foreign objects) and internal causes 
(e.g., hot spots on PV cells.) PV cell faults can decrease system 
efficiency and shorten the system lifespan. As a result, fault 
detection and fault tolerance techniques are necessary for PV 
system maintenance. Moreover, in some remote PV systems (e.g., 
PV systems for satellites), manual fault detection and elimination 
is expensive and nearly impossible. Therefore, online fault 
detection and tolerance techniques are preferred to minimize the 
negative effects of PV cell faults without manual intervention. 

Several PV cell fault diagnosis techniques are proposed [4], [5], 
[6]. However, these techniques suffer from one or more of the 
following limitations. 
a) They can only determine the existence of PV cell faults 

without locating these faults [4], [5]. 
b) There is a lack of fault tolerance solution, which can minimize 

negative effects of PV cell faults and improve economic 
benefits of PV systems [4], [5], [6]. 

c) Additional equipment (e.g., signal generators, signal analysis 
devices) is needed to perform fault diagnosis [6]. 

In this paper, we present an online fault detection and tolerance 
technique that detects the locations of PV cell faults and 
reconfigures the PV panel for fault tolerance to maintain the 
maximum achievable efficiency of PV system with PV cell faults. 
We provide both a structural support and an efficient algorithm 
that can be integrated into the system controller with negligible 
time overhead. Experimental results demonstrate that our fault 
detection and tolerance technique reduces output power 
degradation due to PV cell faults in a PV system by up to 81.31% 
compared with a baseline system without the fault detection and 
tolerance technique. 

2. COMPONENT MODELS 
2.1 PV Cell Model and Characterization 
An equivalent circuit model and the symbol of a PV cell are 
shown in Figure 1. ௣ܸ௩௖  and ܫ௣௩௖  denote the output voltage and 
current of a PV cell, respectively. Current-Voltage (I-V) 
characteristics of a PV cell is given by ܫ௣௩௖ ൌ ௅ܫ െ ௗܫ െ ௦௛ ൌܫ ሻܩ௅ሺܫ െ ଴ሺܶሻܫ ቀ݁൫௏೛ೡ೎ ାூ೛ೡ೎ ·ோೞ൯ · ೜ಲೖ೅ െ 1ቁ െ ௏೛ೡ೎ ାூ೛ೡ೎ ·ோೞோ೛ , (1) 

where 
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ሻܩ௅ሺܫ ൌ ீீೄ೅಴ ڄ  ௌ்஼ሻ,  (2)ܩ௅ሺܫ
and ܫ଴ሺܶሻ ൌ ଴ሺܫ ௌ்ܶ஼ሻ · ቀ ்ೄ்೅಴ቁଷ · ݁೜ಶ೒ಲೖ  · ൬ భ೅ೄ೅಴ ି భ೅൰
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Figure 1. (a) Equivalent circuit and (b) symbol of a PV cell. 

The symbols in (1), (2), and (3) are summarized as follows: ܩ is 
the solar irradiance level; ܶ is the PV cell temperature; ݍ is the 
charge of an electron; ܧ௚ is the bandgap and ݇ is the Boltzmann’s 
constant. STC stands for the standard test condition where ܩௌ்஼ ൌ 1000 W/mଶ and ௌ்ܶ஼ ൌ 25 °C. For rest of the parameters, 
i.e., photo-generated current at STC ܫ௅ሺܩௌ்஼ሻ , dark saturation 
current at STC ܫ଴ሺ ௌ்ܶ஼ሻ , PV cell series resistance ܴ௦ , PV cell 
parallel resistance ܴ௣, and diode ideality factor ܣ, we adopt the 
method in [7] to extract their values. 

 
Figure 2. I-V and P-V output characteristics of a PV cell 

under different solar irradiance levels. 

The PV cell I-V and P-V output characteristics under the same 
temperature ௌ்ܶ஼ but different solar irradiance levels are shown in 
Figure 2. The PV cell exhibits a non-linear output current and 
voltage relationship. There is a maximum power point (MPP) 
under any solar irradiance level, where the output power of a PV 
cell is maximized. MPPs are labeled by red dots in Figure 2. 

2.2 PV Panel with PV Cell Fault 
A PV panel consists of PV cells connected in a series-parallel ܰ ൈ ܯ  configuration. Figure 3 shows a 4 ൈ 4  PV panel, where 
there are four PV cell groups connected in series, and each PV 
cell group has four PV cells connected in parallel. ௣ܸ௩ and ܫ௣௩ are 
the output voltage and current of a PV panel, respectively. 

 
Figure 3. The configuration of a ૝ ൈ ૝ PV panel. 

A PV cell fault can attribute to external causes (e.g., hit by 
foreign objects) or internal causes (e.g., PV cell hot spots). A PV 
cell fault is equivalent to an open circuit at the position of the 
faulty PV cell. The PV cell fault does serious harm to the PV 
panel in two aspects: (a) A PV cell fault leads to a reverse bias 

operation of the PV cell group with the faulty PV cell, which may 
result in hot spots and potentially more faulty PV cells in that PV 
cell group. (b) The PV cell group with the faulty PV cell limits the 
output current of the whole PV panel because all the PV cell 
groups are connected in series. Therefore, the PV panel with a 
faulty PV cell suffers from output power degradation much higher 
than the MPP power of a single PV cell. 

Integration of a bypass diode with each PV cell in the PV panel 
can solve the reverse bias operation problem [8]. Figure 4 shows 
the bypass diode connected in parallel with a PV cell. We will use 
the new PV cell symbols in a PV panel to avoid the reverse bias 
operation problem. 

 
Figure 4. A PV cell integrated with a bypass diode. 

However, the PV panel with a faulty PV cell still suffers from 
output power degradation that is much higher than the MPP power 
of a single PV cell despite the use of bypass diodes. Figure 5 
shows the P-V output characteristics of a 4 ൈ 4 PV panel with and 
without a PV cell fault. The PV panel output power degradation is 
calculated as the difference between the two MPPs labeled with 
red dots on the P-V output characteristics in Figure 5. Ideally, if 
only one PV cell is faulty in the 4 ൈ 4 PV panel, the PV panel 
should suffer from a power degradation of 1/16 = 6.3%. However, 
the practical PV panel output power degradation due to a faulty 
PV cell is 16.5%. The objective of this work is to reduce the PV 
panel output power degradation to the largest extent. 

 
Figure 5. The P-V output characteristics of a ૝ ൈ ૝ PV panel 

with/without a PV cell fault. 

2.3 Charger Model 
The PV cell I-V characteristics vary with solar irradiance level 
and temperature. We use a charger between the ܰ ൈ  PV panel ܯ
and the load or energy storage element to control the PV panel 
operation point ሺ ௣ܸ௩, ௣௩ሻ. The charger model is introduced in [9]. ௜ܸ௡ܫ ௜௡ܫ , , ௢ܸ௨௧ , and ܫ௢௨௧  denote the input voltage, input current, 
output voltage and output current of the charger, respectively. The 
input ports of the charger are connected to the PV panel, and the 
output ports are connected to the load. The system controller 
adjusts the charger output current and thus maintaining the 
operating point of the PV panel. The power consumption of the 
charger ௖ܲ௢௡௩  is a function of ௜ܸ௡ ௜௡ܫ , , and ܫ௢௨௧  [9]. ௖ܲ௢௡௩  also 
satisfies the energy conservation law ௜ܸ௡ ڄ ௜௡ܫ ൌ ௖ܲ௢௡௩ ൅ ௢ܸ௨௧ ڄ  ௢௨௧. (4)ܫ
We calculate the charger output current ܫ௢௨௧  as a function of ௜ܸ௡, ௢௨௧ܫ :௜௡, and ௢ܸ௨௧ܫ ൌ ሺܫ_ݐݑܱ_݄݃ܥ ௜ܸ௡, ,௜௡ܫ ௢ܸ௨௧ሻ. 

2.4 PV System 
The architecture of the target PV system is shown in Figure 6 that 
consists of a PV panel, a charger and a battery. The PV panel 
contains ܰ ൈ  series-parallel connected PV cells, where M PV ܯ
cells are connected in parallel to form a PV cell group and N PV 

0 0.5 1
0

0.01

0.02

0.03

0.04

Voltage (V)

C
ur

re
nt

 (
A

)

0 0.5 1
0

0.005

0.01

0.015

0.02

0.025

Voltage (V)

P
ow

er
 (

W
)

G = 0.2 G
STC

G = 0.4 G
STC

G = 0.6 G
STC

G = 0.8 G
STC

G = 1.0 G
STC

0 1 2 3 4
0

0.1

0.2

0.3

0.4

Voltage (V)

P
ow

er
 (

W
)

PV panel with a PV cell fault

PV panel without PV cell fault

2



cell groups are connected in series. The PV cells have been 
integrated with bypass diodes as mentioned in Section 2.2. ௕ܸ௔௧ 
and ܫ௕௔௧ denote the terminal voltage and charging current of the 
battery, respectively. The input voltage, input current, output 
voltage and output current of the charger are ௣ܸ௩ ௣௩ܫ , , ௕ܸ௔௧  and ܫ௕௔௧, respectively, in this PV system architecture. According to (4), ௣ܸ௩ · ௣௩ܫ ൌ ௖ܲ௢௡௩ ൅ ௕ܸ௔௧ ·  ௕௔௧. (5)ܫ

 
Figure 6. PV system architecture. 

Our online fault detection and tolerance technique is performed 
periodically as routine maintenance. We assume that at most one 
PV cell fault occurs in a maintenance cycle. This assumption is 
valid because we may perform more frequent maintenance until 
the assumption is met. We need to locate only one possible PV 
cell fault at a time. The target PV panel originally has an ܰ ൈ  ܯ
balanced configuration. If there is no faulty PV cell in the PV 
panel, all the PV cells can work at their MPPs simultaneously by 
setting a proper operating point of the PV panel, and therefore, the 
PV panel produces the maximum output power. However, if PV 
cell faults occur to the ܰ ൈ ܯ  PV panel, the PV panel suffers 
from significant output power degradation due to the series-
parallel configuration of these PV cells. 

The principle of our fault detection and tolerance technique is 
as follows. Given ܩ  and ܶ, the system controller calculates the 
ideal output power from a set of PV cells in the panel based on the 
configuration of those PV cells and the assumption that there is no 
faulty PV cell among those PV cells. The system controller then 
compares the ideal output power with the practical output power 
of this set of PV cells. If the difference is larger than a predefined 
error, there must be a faulty PV cell among this set of PV cells. 
The size of the suspicious PV cell set shrinks to one after several 
trials of PV cell fault search. After locating the faulty PV cell, our 
fault tolerance method changes the ܰ ൈ ܯ  PV panel into an ܰԢ ൈ ᇱ one, where ܰᇱܯ ൈ ᇱܯ ൑ ܰ ൈ ܯ െ 1 and the faulty PV cell 
is excluded from the new PV panel configuration, to mitigate the 
effect of the faulty PV cell and reduce the output power 
degradation of the PV panel. 

3. STRUCTURAL SUPPORT 

 
Figure 7. PV panel structure. 

We employ a modified PV panel structure that can achieve an ܰ ൈ  configuration for normal PV system operation as well as ܯ
more flexible PV cell configurations for the online fault detection 
and tolerance technique. The modified PV panel structure is 
introduced in [10] to improve the efficiency of PV systems. 
Figure 7 shows the modified PV panel structure in which each i-th 
PV cell except for the last one is integrated with three switches, 

i.e., a S-switch ௌܵ,௜, a top P-switch ܵ௉்,௜, and a bottom P-switch ܵ௉஻,௜. Although the PV cells are labeled with increasing indices 
from left to right, the physical locations of PV cells in a PV panel 
do not necessarily follow a left to right ordering. Figure 7 presents 
the logical connection of PV cells and switches rather than the 
physical locations of them. The details of achieving the ܰ ൈ  ܯ
configuration for normal PV system operation are in [10]. 

3.1 Structural Support for Fault Detection 

 
Figure 8. An example of achieving a ૛ ൈ ૝ configuration for 
the 16-cell PV panel with the modified PV panel structure. 

The modified PV panel structure is also useful in fault detection 
process, where a set of PV cells forms a configuration for 
measuring their P-V characteristics and determining whether there 
is a PV cell fault. We denote the PV cell index set by A ൌሼ1, 2, 3, ڮ , ܰ ൈ ܭ ,ሽ. In a trial of PV cell fault searchܯ ൈ  PV ܯ
cells ሺܭ ൑ ܰሻ with consecutive indices are selected. There might 
be a PV cell fault in these PV cells. Therefore, these PV cells need 
to form a ܭ ൈ  configuration which is then connected with the ܯ
charger for further measurement, while the rest PV cells in the 
panel are excluded for this trial of PV cell fault search. Figure 8 
shows an example of achieving a 2 ൈ 4 configuration out of the 
16-cell PV panel. Suppose that the system controller is checking 
PV cells 3-10. Then PV cells 3-10 forms a 2 ൈ 4 configuration by 
setting the switches as shown in Figure 8. In Figure 8 except for 
PV cells 3-10, the rest PV cells are disconnected from the panel. 
In this way, the system controller can focus on PV cells 3-10 to 
determine whether there is a PV cell fault among those PV cells. 

3.2 Structural Support for Fault Tolerance 
After the identification of faulty PV cells which cause open 
circuits at their positions, the modified PV panel structure as 
shown in Figure 7 can tolerate the PV cell faults by changing the 
configuration of the PV panel into a desirable one. For an ሺܰ ൈ  ሻ-cell PV panel, if there are L faulty PV cells that wereܯ
identified as faulty during several runs of our fault detection 
method, the modified PV structure can achieve an ܰԢ ൈ  Ԣܯ
configuration for the PV panel where ܰᇱ ൈ ᇱܯ ൑ ܰ ൈ ܯ െ  and ܮ
in which only the normal PV cells are used. As an illustration, 
Figure 9 shows how to achieve a 5 ൈ 3 configuration out of the 
16-cell PV panel with one faulty PV cell, i.e., PV cell 8. The first 
PV cell group consists of PV cells 1-3, the second PV cell group 
consists of PV cells 4-6, and the third PV cell group consists of 
PV cells 7, 9, and 10. The faulty PV cell 8 is an open circuit, so 
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ܵ௉்,଼ and ܵ௉஻,଼ are on while ௌܵ,଼ are off. In this way PV cell 7 and 
PV cell 9 are connected in parallel. 

 
Figure 9. An example of PV cell fault tolerance with the 

modified PV panel structure. 

4. FAULT DETECTION AND TOLERANCE 
ALGORITHM 
After last run of online fault detection and tolerance, the PV panel 
ended up in an ܰ ൈ  configuration. Now after a time period of ௗܶ, we suspect that a new PV cell fault might occur, and therefore ܯ
the online fault detection and tolerance might need to be executed. 
The necessity of executing fault detection and tolerance can be 
decided as follows. 
a) The system controller estimates the ideal maximum output 

power of the PV panel ௜ܲௗ௘௔௟ ൌ ,ܩሺݎ݁ݓ݋݌_݈ܽ݁݀݅ ܶ, ܰ,  ሻ asܯ
a function of G, T, and the configuration, assuming that all ܰ ൈ  .PV cells function properly ܯ

b) The system controller tracks the real maximum output power 
of the PV panel ௥ܲ௘௔௟ using the MPPT technique. 

c) If ௥ܲ௘௔௟ ൏ ௜ܲௗ௘௔௟ െ ߝ  where ߝ  is a predefined system error, 
there must be a faulty PV cell among the ܰ ൈ  PV cells and ܯ
the online fault detection and tolerance must be executed; 
otherwise, there is no need to execute the online fault 
detection and tolerance. 

4.1 Fault Detection Algorithm 
The basic idea of fault detection is as follows. A detection target 
of ݇ ൈ ܯ  PV cells is selected out of the ܰ ൈ ܯ  PV cells, and 
these ݇ ൈ ܯ  PV cells can be detected for PV cell fault using 
Procedure 1. As the detection target narrows down, the faulty PV 
cell can be identified. 

The ܰ ൈ  PV panel is considered as a PV cell matrix which ܯ
has N rows and M columns. The rows and columns of the ܰ ൈ  ܯ
PV panel are decided according to the configuration of the PV 

panel instead of the physical locations of PV cells. The fault 
detection algorithm first determines which row the faulty PV cell 
is located at (row search), and then determines which column the 
faulty PV cell is located at (column search). 

Algorithm 1 is for the row search. We start with the ܰ ൈ  PV ܯ
panel. First we bisect the rows into: the rows 1 to ۂ2/ܰہ and the 
rows ۂ2/ܰہ ൅ 1 to ܰ . We run Procedure 1 on the first part. If 
there is a PV cell fault within the first part, we can confirm that 
there is no faulty PV cell in the second part. Then we bisect the 
rows in the first part for further PV cell fault search. If there is no 
faulty PV cell within the first part, we can confirm that there is a 
faulty PV cell in the second part. Procedure 1 cannot run on a 
configuration smaller than ܭ௠௜௡ ൈ ܯ , where ܭ௠௜௡  is the 
minimum number of rows that Procedure 1 can run on. That is 
because the output current and voltage of a very small 
configuration of PV cells is too low to be controlled by the 
charger. Therefore, if we need to run Procedure 1 on ݇ ൈ  PV ܯ
cells where ݇ ൏  ௠௜௡ to decide whether there is a faulty PV cellܭ
among these ݇ ൈ ܯ  PV cells, we must “borrow” ܭ௠௜௡ െ ݇ 
adjacent rows which consist of confirmed normal PV cells. 

After implementation of Algorithm 1, V_com contains the PV 
cell row with the faulty PV cell. Figure 10 is an illustration of PV 
cell fault row search, where ܰ ൌ ܯ ,4 ൌ 4, and ܭ௠௜௡ ൌ 2. First, 

Procedure 1: 
1. Form a ݇ ൈ  .configuration of these PV cells ܯ
2. The ideal maximum output power of these ݇ ൈ PV cells ௜ܲௗ௘௔௟ ܯ ൌ݈݅݀݁ܽ_ݎ݁ݓ݋݌ሺܩ, ܶ, ݇,  .ሻ is estimated by system controllerܯ
3. The system controller tracks the real maximum output power ௥ܲ௘௔௟ of 

these ݇ ൈ  .PV cells using the MPPT technique ܯ
4. If ௥ܲ௘௔௟ ൏ ௜ܲௗ௘௔௟ െ  is a predefined system error, there is a ߝ where ߝ

faulty PV cell among these ݇ ൈ  .PV cells ܯ
Return 1. 

Else there is no faulty PV cell among these PV cells. 
Return 0.

Algorithm 1: Row Search 
V_com is maintained as k consecutive rows in the ܰ ൈ  .PV panel ܯ
V_part1 is maintained as the first ۂ2/݇ہ rows in V_com. V_part2 is 
maintained as the rest rows in V_com. ܭ௠௜௡ is the minimum number of 
rows that Procedure 1 can run on. R is a Boolean variable. 
V_com ՚ the ܰ ൈ  ;PV panel; k ՚ N ܯ
While ݇ ൐ 1 do 

V_part1 ՚ the first ݇ଵ ൌ  ;rows in V_com ۂ2/݇ہ
V_part2 ՚ the rest ݇ଶ ൌ ݇ െ  ;rows in V_com ۂ2/݇ہ
If ݇ଵ ൒  ௠௜௡ܭ

R ՚ Run Procedure 1 on the ݇ଵ ൈ  ;PV cells in V_part1 ܯ
If  R==1:   V_com ՚ V_part1; k ՚ ݇ଵ; 
Else:          V_com ՚ V_part2; k ՚ ݇ଶ; 

Else 
V_neighbor1 ՚ ௠௜௡ܭ െ ݇ଵ rows adjacent to V_part1 that consist 

of confirmed normal PV cells only. 
If V_neighbor1 exists 

V_part1’՚ V_part1+V_neighbor1; 
R ՚ Run Procedure 1 on V_part1’; 
If  R==1:   V_com ՚ V_part1; k ՚ ݇ଵ; 
Else:          V_com ՚ V_part2; k ՚ ݇ଶ; 

Else 
If ݇ଶ ൒  ௠௜௡ܭ

R ՚ Run Procedure 1 on the ݇ଶ ൈ  ;PV cells in V_part2 ܯ
If  R==1:   V_com ՚ V_part2; k ՚ ݇ଶ; 
Else:          V_com ՚ V_part1; k ՚ ݇ଵ; 

Else 
V_neighbor2 ՚ ௠௜௡ܭ െ ݇ଶ  rows adjacent to V_part2 that 

consist of confirmed normal PV cells only. 
V_part2’՚ V_part2+V_neighbor2; 
R ՚ Run Procedure 1 on V_part2’; 
If  R==1:   V_com ՚ V_part2; k ՚ ݇ଶ; 
Else:          V_com ՚ V_part1; k ՚ ݇ଵ; 

End While 
Return V_com 
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the 4 ൈ 4 PV panel is bisected into Part A and the rest rows. After 
running Procedure 1 on Part A, we confirm Part A contains the 
faulty PV cell. Then we bisect Part A into Part B and Part C. We 
would like to run Procedure 1 on Part B, however, Part B has a 
size of 1 ൈ 4  (smaller than ܭ௠௜௡ ൈ ܯ ). We must borrow one 
adjacent row for Part B, which is Part C. But Part C may contain 
the faulty PV cell, and cannot be borrowed for Part B. Therefore 
we choose Part C for fault detection instead of Part B. Although 
Part C is also smaller than ܭ௠௜௡ ൈ  for running Procedure 1, we ܯ
can borrow the third row for Part C. Therefore, we run Procedure 
1 on Part C plus the third row. After that we know there is the 
faulty PV cell within Part C. 

AB

C
1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16
 

Figure 10. An illustration of fault detection: row search. 

After finding the row containing the faulty PV cell, we need do 
column search to decide column position of the faulty PV cell. 
Algorithm 2 is for the column search. A_com returns the faulty 
PV cell after implementation of Algorithm 2. Figure 11 is an 
illustration of PV cell fault column search. We have known that 
the second row contains the faulty PV cell from the row search. 
First, we bisect the second row into Part A and Part B. We would 
like to run Procedure 1 on Part A, however, Part A has a size of 1 ൈ 2  smaller than 2 ൈ 4 ሺܭ௠௜௡ ൈ ܯ ). We must borrow six 

ሺ8 െ 2 ൌ 6) PV cells that are confirmed to be normal for Part A, 

and these six cells together with Part A cells must have 
consecutive indices, otherwise, we cannot form a 2 ൈ 4 
configuration out of the PV panel. We can only borrow PV cells 
1-4 for Part A. Then we choose Part B for fault detection. We 
form a 2 ൈ 4 configuration of PV cells 7-14 and run Procedure 1 
on it. We find no faulty PV cell among PV cells 7-14. Therefore, 
we know that the faulty PV cell exists in Part A. Next, we bisect 
Part A into Part C and Part D. We still cannot detect PV cell fault 
on Part C. Then we form a 2 ൈ 4 configuration of PV cells 6-13 
and run Procedure 1 on it. We find a faulty PV cell among PV 
cells 6-13 (i.e., the faulty PV cell is PV cell 6). 

 
Figure 11. An illustration of fault detection: column search. 

4.2 Fault Tolerance Algorithm 
After the implementation of fault detection algorithm, we can 
identify one faulty PV cell. However, there may be more than one 
faulty PV cell in the PV panel which were identified during 
previous runs of fault detection and tolerance algorithms. Suppose 
the original PV panel has  ܰ ൈ  PV cells in total and L faulty PV ܯ
cells have been identified. We know the indices of these L faulty 
PV cells. The PV panel can form any ܰԢ ൈ Ԣܯ  configuration, 
where ܰᇱ ൈ ᇱܯ ൑ ܰ ൈ ܯ െ  and only the normal PV cells are ܮ
used. The fault tolerance algorithm aims at finding the optimal ܰᇱ 
and ܯᇱ values such that the system output power is maximized, 
given current G and T as well as the battery terminal voltage ௕ܸ௔௧. 

Algorithm 3 is the fault tolerance algorithm. A proper range for 
S, i.e., ሾܵ௠௜௡, ܵ௠௔௫ሿ can be calculated as ܵ௠௔௫ ൌ ܰ ൈ ܯ െ and ܵ௠௜௡ ܮ ൌ ܰ ൈ ܯ െ ܮ3 . We use ௣ܸ௩௖,ெ௉௉  and ܫ௣௩௖,ெ௉௉  to denote the 
MPP of a PV cell under ሺܩ, ܶሻ. Maximizing the PV system output 
power ܫ௕௔௧ · ௕ܸ௔௧ is equivalent to maximizing ܫ௕௔௧. Then for each 
possible S value, we find its two factors ܰᇱ and ܯᇱ and calculate 
the corresponding ܫ௕௔௧  value. When ܫ௕௔௧  is maximized, the 

Algorithm 3: Fault Tolerance 
Inputs: G, T, and ௕ܸ௔௧. 
Calculate ௣ܸ௩௖,ெ௉௉ and ܫ௣௩௖,ெ௉௉ with the G and T value. 
S is the number of active PV cells in the fault-tolerant configuration. 
Calculate the proper range of S, i.e., ሾܵ௠௜௡, ܵ௠௔௫ሿ. ܫ௕௔௧௠௔௫ ൌ 0; 
For ܵ from ܵ௠௜௡ to ܵ௠௔௫ do 

For ܰᇱ from 1 to ܵ do 
If ܯᇱ ൌ ܵ/ܰᇱ is an integer ௣ܸ௩ ൌ ܰᇱ ൈ ௣ܸ௩௖,ெ௉௉;   ܫ௣௩ ൌ ᇱܯ ൈ ௕௔௧ܫ ;௣௩௖,ெ௉௉ܫ ൌ ሺܫ_ݐݑܱ_݄݃ܥ ௣ܸ௩, ,௣௩ܫ ௕ܸ௔௧ሻ; 

If ܫ௕௔௧ ൐ ௕௔௧௠௔௫ܫ  ௕௔௧௠௔௫ܫ ൌ ௕௔௧;   ௢ܰ௣௧ᇱܫ ൌ ܰᇱ;   ܯ௢௣௧ᇱ ൌ  ;ᇱܯ
End For 

End For 
Return ௢ܰ௣௧ᇱ  and ܯ௢௣௧ᇱ  

Algorithm 2: Column Search 
A_com is maintained as a set of k PV cells with consecutive indices. 
A_part1 is maintained as the first ۂ2/݇ہ PV cells in A_com. A_part2 
is maintained as the rest PV cells in A_com. R is a Boolean variable. 
A_com ՚ V_com returned by Algorithm 1; k ՚ M; 
While ݇ ൐ 1 do 

A_part1 ՚ the first ݇ଵ ൌ  ;cells in A_com ۂ2/݇ہ
A_part2 ՚ the rest ݇ଶ ൌ ݇ െ  ;cells in A_com ۂ2/݇ہ
A_neighbor1 ՚ ௠௜௡ܭ ൈ ܯ െ ݇ଵ  PV cells with consecutive indices 

which are confirmed as normal cells and adjacent to PV cells in 
A_part1. 

If A_neighbor1 exists 
A_part1’ ՚ A_part1+A_neighbor1; 
R ՚ Run Procedure 1 on the ܭ௠௜௡ ൈ  ;’PV cells in A_part1 ܯ
If R==1:    A_com ՚ A_part1; k ՚ ݇ଵ; 
Else:          A_com ՚ A_part2; k ՚ ݇ଶ; 

Else 
A_neighbor2 ՚ ௠௜௡ܭ ൈ ܯ െ ݇ଶ  PV cells with consecutive 

indices which are confirmed as normal cells and adjacent to 
PV cells in A_part2. 

A_part2’ ՚ A_part2+A_neighbor2; 
R ՚ Run Procedure 1 on the ܭ௠௜௡ ൈ  ;’PV cells in A_part2 ܯ
If R==1:    A_com ՚ A_part2; k ՚ ݇ଶ; 
Else:          A_com ՚ A_part1; k ՚ ݇ଵ; 

End While 
Return A com 
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corresponding ܰᇱ  and ܯᇱ  is recorded as the optimal ௢ܰ௣௧ᇱ  and ܯ௢௣௧ᇱ  values. 

5. EXPERIMENTAL RESULTS 
We compare performances of the PV system with the proposed 
online fault detection and tolerance technique and the baseline PV 
system without fault detection and tolerance technique. The 
proposed PV system employs the PV panel structure in Figure 7, 
where there are (ܰ ൈ ܯ ൌሻ 100 PV cells. The baseline PV system 
employs a ( ܰ ൈ ܯ ൌሻ 20 ൈ 5  fixed configuration for the PV 
panel. PV cells in both systems are integrated with bypass diodes 
to avoid the reverse bias operation. The baseline PV system is 
integrated with MPPT technique. The proposed PV system is 
integrated with the online fault detection and tolerance technique. 

 
Figure 12. Output power of the proposed system and baseline 

system with different number of faulty PV cells. 

Figure 12 shows the output power of the proposed system and 
baseline system as a function of the number of faulty PV cells. 
We use ሺܩௌ்஼, ௌ்ܶ஼ሻ as the test condition and ௕ܸ௔௧ ൌ 10 V. The 
red dots represent the output power of the proposed system and 
the optimal PV panel configurations obtained by fault tolerance 
algorithm are labeled beside the red dots. The output power of the 
proposed system is related to the number of faulty PV cell, but 
unrelated to the locations of faulty PV cells. The blue dots present 
the output power of the baseline system, which is related to both 
the number of faulty PV cells and the locations of faulty PV cells. 
Therefore, for a given number of faulty PV cells, 1000 groups of 
the locations of faulty PV cells are randomly selected, which 
results in 1000 points (some of which are overlapped) under a 
given number of faulty PV cells.  

Table 1. Reduction of power loss in the proposed system. 
Num of faulty 

PV cells 2 6 10 14 18 

Power loss of 
our system(W) 0.3734 1.9567 1.9567 3.1885 4.2585 

Max power loss 
of baseline(W) 1.9978 3.9634 5.9406 7.7090 8.3875 

Min power loss 
of baseline(W) 0.8972 2.6871 3.4074 3.7584 4.7883 

Max power loss 
reduction  81.31% 50.63% 67.06% 58.64% 49.23% 

Min power loss 
reduction 58.38% 27.18% 42.57% 15.16% 11.06% 

Table 1 summarizes the reduction of power loss by the online 
fault detection and tolerance technique. The first row is the 

number of faulty PV cells. The second row is the power loss of 
our proposed system compared to a system without PV cell fault. 
The third and fourth rows are the maximum and minimum power 
loss of the baseline system compared to a system without PV cell 
fault, which correspond to the lower bound and upper bound in 
Figure 12, respectively. The fifth and sixth rows are the reduction 
of power loss in the proposed system compared with the third row 
and the fourth row, respectively. For example, when there are two 
faulty PV cells (the second column), the power loss of the 
proposed system is 0.3734 W, which is only 18.69% of the 
maximum power loss of the baseline system (i.e., 1.9978 W). 
Therefore, the power loss is reduced by 81.31%, demonstrating 
the effectiveness of our online fault detection and tolerance 
technique. 

6. CONCLUSION 
We propose an online fault detection and tolerance technique for 
PV systems to reduce the output power degradation due to PV cell 
faults. We provide both the structural support as well as an 
efficient algorithm. This is the first work that introduces online 
reconfiguration for PV cell fault detection and tolerance.  
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